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Abstract
We study the estimation of parameters in a quantum metrology scheme based on entangled many-body
Unruh-DeWitt detectors. It is found that the precision for the estimation of Unruh effect can be enhanced
via initial state preparations and parameter selections. It is shown that the precision in the estimation of
the Unruh temperature in terms of a many-body-probe metrology is always better than the precision in two
probe strategies. The proper acceleration for Bob’s detector and the interaction between the accelerated de-
tector and the external field have significant influences on the precision for the Unruh effect’s estimation. In
addition, the probe state prepared with more excited atoms in the initial state is found to perform better than
less excited initial states. However, different from the estimation of the Unruh temperature, the estimation
of the effective coupling parameter for the accelerated detector requires more total atoms but less excited
atoms in the estimations.
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I. INTRODUCTION
As predicted by quantum field theory in curved spacetime, quantum fluctuation will produce a
local change in energy of an Unruh-DeWitt detector [1]. It was found that the detectors will be
thermalized at a temperature defined by some characteristic inverse length scale of the spacetime
or motion through them, e.g. acceleration [2–4], surface gravity [5], or Hubble constant [6]. The
feature that all three of these effects have in common is the existence of an event horizon. The
detector will observe a radiation originating from quantum fluctuations near the horizon. The
Unruh effect [2–4] predicts the thermality of a uniformly accelerated detector in the Minkowski
vacuum. This thermality can be demonstrated by tracing the field modes beyond the Rindler event
horizon therefore manifests itself as a decoherence-like effect. The Unruh-Hawking effect also
makes a deep connection between black hole thermodynamics and quantum physics, such as the
understanding of entanglement entropy and quantum nonlocality in curved spacetime.
Despite its crucial role in physics, the experimental detection of the Unruh effect is an open
program on date. The main technical obstacle is that the Unruh temperature is smaller than 1
Kelvin even for accelerations up to 1021m/s2 [7]. This means the detectable Unruh temperature
lies far below the observable threshold with the experimentally achievable acceleration. Since
experimental detection of the Unruh radiation is too difficult, people turn sight to the easier but
still conceptually rich studies on the simulation [8] and estimation of this effect. We know that
quantum metrology aims to improve the precision in estimating parameters via quantum strategies
[9]. The estimation is based on measurements made on a probe system that undergoes an evolution
depending on the estimated parameters. Recently, quantummetrology has been applied to enhance
the detection of gravitational wave beyond the standard quantum limit [10], the exploration of
the Earth’s Schwarzschild parameters [11–13], and the estimation of cosmological parameters
in expanding universe [14, 15]. In particular, researchers found that quantum strategies can be
employed to enhance the estimation of the Unruh-Hawking effect, both for accelerated free modes
[16–20], local modes in moving cavities [21, 22], and accelerated detectors [23–25]. However, it
is worthy of note that all probe states in the above-mentioned quantum enhanced estimation tasks
for the Unruh-Hawking effect are prepared in bipartite entangled states.
In this paper, we employ a multipartite entangled probe strategy to estimate the Unruh temper-
ature and related parameters. The probes for the quantum metrology are prepared by n entangled
Unruh-DeWitt detectors. Each detector is modeled by a two-level atom which interacts only with
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the neighbor field in the Minkowski vacuum [1]. We assume that the second atom of multiparty
system, carried by Bob, moves with constant acceleration and interacts with a massless scalar field
while other atoms keep stationary. To analyze the maximum achievable precision in the estimation
of the parameters, we calculate quantum Fisher information with respect to them. It is worth men-
tioning that, like the quantum Fisher information, the Wigner-Yanase-Dyson skew information
[26] is also a variant of the Fisher information in the quantum regime. The latter is related to the
quantum Hellinger distance [27] and has been shown to satisfy some nice properties relevant to
quantum coherence [18, 28]. Recently, the authors of [18] developed a Bloch vector representation
of the Unruh channel and made a comparative study on the quantum Fisher and Skew information
for free Dirac field modes. In this paper we only study the quantum Fisher information because
the quantum Fisher and Skew information are in fact two different aspects of the classical Fisher
information in the quantum regime [29].
The outline of the paper is organized as follows. In Section. II, the evolution of the multiparty
system is presented where one of the detectors travels with uniform acceleration. In Sec. III, we
start with introducing some key concepts for quantum metrology especially the quantum Fisher
information. Then we analyze the quantum Fisher information for estimating Unruh temperature
T and the effective coupling parameter ν. The Sec. IV is devoted to a brief summary.
II. THE EVOLUTION OF MULTIPARTY QUANTUM SYSTEM WITH AN ACCELERATED
ATOM
In this section, we briefly introduce the dynamics of the multiparty entangled Unruh-DeWitt
detectors. Assuming that the probe system consists of n atoms, the initial state is prepared in a
symmetric Z-type multipartite state [30, 31]
|ψt0〉 =
√
(n− k)!k!
n!
(|111...000〉
+ |11...01...00〉+ ...+ |000...111〉), (1)
where k atoms own the excited energy eigenstate |1〉, while the rest n− k atoms lie in the ground
state |0〉. If k = 1, it degenerates into a symmetricW -type state.
The total Hamiltonian of the entire probe system is
Hnφ =
n∑
i=1
Hi +HKG +H
Bφ
int , (2)
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where HKG stands for the Hamiltonian of the massless scalar field satisfying the K-G equation
φ = 0. In Eq. (2), Hi = ΩD
†
iDi, i = 1, 2...n are the Hamiltonian of each atom, where Di and
D†i represent the creation and annihilation operators of the ith atom, respectively. We assume that
the second atom of the multiparty system, carried by the observer Bob, is uniformly accelerated
for a duration time ∆, while other atoms keep static and have no interaction with the scalar field.
The world line of Bob’s detector is given by
t(τ) = a−1 sinh aτ, x(τ) = a−1 cosh aτ, y(τ) = z(τ) = 0, (3)
where a is the proper acceleration of Bob. The interaction Hamiltonian HBφint between Bob’s de-
tector and the field is [32–34]
HBφint (t) = ǫ(t)
∫
Σt
d3x
√−gφ(x)[χ(x)D2 + χ(x)D†2], (4)
where φ(x) is the scalar field operator, ǫ(t) is the coupling constant, gab is the Minkowski metric
and g ≡ det(gab). In Eq. (4), Σt represents the integration takes place over the global spacelike
Cauchy surface. The function χ(x) vanishes outside a small volume around the detector, which
describes that the detector only interacts with the neighbor field.
For convenience, introducing a compact support complex function f(x) = ǫ(t)e−iΩtχ(x), we
have φ(x)f ≡ Rf − Af , where A and R are the advanced and retarded Green functions. Then
one obtains [32–34]
φ(f) ≡
∫
d4x
√−gφ(x)f = i[aRI(Γ∗−)− a†RI(Γ+)], (5)
where Γ− and Γ+ represent the negative and positive frequency parts of φ(f) respectively, and a
†
RI
and aRI are Rindler creation and annihilation operators in region I of Rindler spacetime. Since ǫ(t)
is a roughly constant for∆≫ Ω−1, the test function f approximately owns the positive-frequency
part, which means Γ− ≈ 0. And if we define λ ≡ −Γ+, Eq. (5) is found to be φ(f) ≈ ia†(λ).
The whole initial state of n-party systems and the massless scalar field is |Ψnφt0 〉 = |ψt0〉⊗|0〉M ,
where |0〉M stands for Minkowski vacuum. Here we only consider the first order under the weak-
coupling limit. Using Eq. (4) and Eq. (5), we can calculate the final state of the probe state at time
t > t0 +∆, which is
|Ψnφt 〉 = T exp[−i
∫
d4x
√−gφ(x)(fD2 + fD†2)]|Ψnφt0 〉
≈ 1− i
∫
d4x
√−gφ(x)[fD2 + fD†2]|Ψnφt0 〉
= (1 + a†RI(λ)D2 − aRI(λ)D†2)|Ψnφt0 〉, (6)
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in the interaction picture, where T is the time-order operator.
As discussed in [23, 32–34], the Bogliubov transformations between the operators of
Minkowski modes and Rindler modes are
aRI(λ) =
aM(F1Ω) + e
−πΩ/aa†M(F2Ω)
(1− e−2πΩ/a)1/2 , (7)
a†RI(λ) =
a†M(F1Ω) + e
−πΩ/aaM(F2Ω)
(1− e−2πΩ/a)1/2 , (8)
where F1Ω =
λ+e−piΩ/aλ◦w
(1−e−2piΩ/a)1/2
, and F2Ω =
λ◦w+e−piΩ/aλ
(1−e−2piΩ/a)1/2
. In F1Ω and F2Ω, w(t, x) = (−t,−x)
denotes the wedge reflection isometry, which makes a reflection from λ in Rindler region I to
λ ◦ w in Rindler region II .
By using the Bogliubov transformations given in Eqs. (7-8), Eq. (6) can be rewritten as
|Ψnφt 〉 = |Ψnφt0 〉+
1
(1− q)1/2
√
(n− k)!k!
n!
(|Ψn1 〉
⊗ q1/2|1F2Ω〉+ |Ψn2 〉 ⊗ |1F1Ω〉〉), (9)
where the parameterized acceleration q ≡ e−2πΩ/a has been introduced. In Eq. (9),
|Ψn1 〉 = (|11...00〉+ ...+ |01...11〉︸ ︷︷ ︸
Ckn−1 terms
), (10)
where Bob’s atom and
(n−1)!
(n−k−1)!k!
atoms of the rest atoms are sure to lie in excited energy eigenstates
|1〉.
|Ψn2 〉 = (|10...00〉+ ...+ |00...11〉︸ ︷︷ ︸
Ck−1n−1 terms
). (11)
This means Bob’s atom is certain to be in ground state |0〉 and (n−1)!
(n−k)!(k−1)!
atoms in the rest atoms
are sure to be involved in excited energy eigenstates.
Since we only concern about the probe state after the acceleration of Bob, the degrees of free-
dom of the external scalar field should be traced out. By doing this we obtain the final density
matrix of the many-body probe system
ρnt = |C|−2{|ψt0〉〈ψt0 |+
n!
(n− k)!k!
ν2
1− q
× (q|Ψn1〉〈Ψn1 |+ |Ψn2 〉〈Ψn2 |)}, (12)
with the energy gapΩ and the coupling constant ǫ, where ν2 ≡ ǫ2Ω∆
2π
e−Ω
2κ2 is the effective coupling
and C = (1 + qν
2(n−k)+ν2k
(1−q)n
)1/2 normalizes the final state ρnt .
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III. QUANTUM METROLOGY AND QUANTUM FISHER INFORMATION FOR THE UNRUH
EFFECT
As an important quantity in the geometry of Hilbert spaces, the quantum Fisher information has
a significant impact on quantum metrology, which evaluates the state sensitivity with the pertur-
bation of the parameter [9]. For a statistic nature, the maximum achievable precision of quantum
metrology is determined the quantum Crame´r-Rao bound [35], which demands a fundamental
lower bound for the covariance matrix of the estimation [36, 37]
V ar(ǫ) ≥ 1
NFξ(ǫ) , (13)
where N is the number of measurements and Fξ(ǫ) is the Fisher information [36, 37]
Fξ(ǫ) =
∫
Lǫ( ∂
∂θ
ln lnLǫ)dx. (14)
Here the symmetric logarithmic derivative (SLD) Hermitian operator Lǫ is defined as ∂ǫ ρǫ =
1
2
{ρǫ,Lǫ}, where ∂ǫ ≡ ∂∂ǫ and { · , · } denotes the anticommutator. For any given POVM {Πξ},
Fisher information establish the bound on precision. To obtain the ultimate bounds on precision,
one should maximize the Fisher information over all the possible measurements. Then we have
[36, 37]
Fξ(ǫ) ≤ Σξ
∣∣∣∣∣Tr [ρǫΠξLT ]√Tr[ρǫΠξ]
∣∣∣∣∣
2
≤ ΣξTr [ΠξLǫρǫLǫ]
= FQ(ǫ), (15)
where FQ(ǫ) is the quantum Fisher information [36, 37]
FQ(ǫ) = Tr[∂ǫρǫLǫ] = Tr[ρǫL2ǫ ]. (16)
Thus, optimizing over all the possible measurements leads to an lower quantum Crame´r-Rao
bound [37], i.e.,
V ar(T ) ≥ 1
nFξ(ǫ) ≥
1
nFQ(ǫ) . (17)
By diagonalizing the density matrix as ρǫ =
∑N
i=1 λi|ψi〉〈ψi|, the SLD operator Lǫ owns the form
Lǫ = 2
N∑
m,n
〈ψk|∂ǫρǫ|ψk〉
λm + λn
|ψn〉〈ψm|, (18)
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and the quantum Fisher information can be obtained by [38]
FQ(ǫ) = 2
N∑
m,n
|〈ψm|∂ǫρǫ|ψn〉|2
λm + λn
, (19)
where the eigenvalues λi ≥ 0 and
∑N
i λi = 1.
Then we calculate the quantum Fisher information of Unruh temperature T for the final probe
state to find the optimal choice to estimate the temperature. Obviously, the final density matrix Eq.
(12) of the probe state is not full matrix because its rows with the basis |000...000〉 or |111...111〉
are zero. According to Eqs. (12) and (19), we can calculate the nonzero eigenvalues
Γ1 =
(1− q)n
(1− q)n+ qv2(n− k) + v2k ,
Γ2 =
qv2(n− k)
(1− q)n+ qv2(n− k) + v2k ,
Γ3 =
v2k
(1− q)n+ qv2(n− k) + v2k
as well as the quantum Fisher information of Unruh temperature T for the final probe state. The
quantum Fisher information is found to be
FQ(T ) = Ω
2qv2[n2 − (1− q)k2v2 + (1− q)kn(v2 − 1)]
(1− q)T 4[(1− q)kv2 + n(1− q + qv2)]2 . (20)
In Fig. 1, we plot the quantum Fisher information for estimating the Unruh temperature T as a
function of the total atoms n and the excited atoms k in the initial probe state. In this model, the
value of effective coupling parameter ν should be small enough to keep the perturbative approach
valid for large times. It is shown that the amount of the total atoms n and the excited atoms k have
significant influences on the value of quantum Fisher information. We find that the probe system
owning the more total atoms would gain the higher quantum Fisher information. This means that
the precision in the estimation of the Unruh temperature in terms of a many-body probe state is
always better than precision in a bipartite probe system. That is to say, compared with previous
bipartite metrology proposals, the multiparty-entangled-probe proposal for the quantummetrology
of the Unruh effect is more workable and reliable. However, it is shown that with same atoms
in the initial probe state, the less the excited atoms, the larger the quantum Fisher information.
This means the number of excited atoms is disadvantage for the estimation of Unruh temperature.
Therefore, the initial probe state prepared inW -type state always performs better than the Z-type
probe state (if k 6= 1) for the same size initial state in the estimation of temperature T .
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FIG. 1: The quantum Fisher information for estimating Unruh temperature T as functions of the total atoms
n and the excited atoms k in the initial probe state Eq. (1). The energy gap Ω, the acceleration a and the
effective coupling parameter ν are fixed as Ω = 0.2, a = 0.3 and ν = 0.1, respectively.
In Fig. 2, the quantum Fisher information for estimating the Unruh temperature T as func-
tions of the acceleration a and the effective coupling parameter ν is analyzed. It is show that the
quantum Fisher information is not a monotonic increasing function of the acceleration a. Consid-
ering that a bigger quantum Fisher information corresponds to a higher precision, one can select a
range of acceleration which provides better precision for the estimation of the Unruh temperature.
Differently, as the effective coupling parameter ν increases, the quantum Fisher information for
estimating the Unruh temperature increase. That is to say, the interaction between the atom and
the scalar field would enhance the accuracy for estimating the Unruh temperature in the multiparty
clock synchronization protocol.
We also interested in the estimation effective coupling parameter ν in the accelerated Unruh-
DeWitt detectors. Employing the final state (12) the definition of quantum Fisher information (19),
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FIG. 2: The quantum Fisher information for estimating the Unruh temperature T as functions of the accel-
eration a and the effective coupling parameter ν. The total atoms n and the excited atoms k in the initial
state of multiparty system are fixed as n = 3 and k = 1, respectively. The energy gap Ω is fixed as Ω = 0.2.
we can also calculate quantum Fisher information for the effective coupling parameter ν. After
some calculations, the quantum Fisher information for ν is found to be
FQ(v) = 4n(1− q)[nq + (1− q)k]
[(1− q)kv2 + n(1− q + qv2)]2 .
In Fig. 3, we plot the quantum Fisher information for estimating the effective coupling parameter
versus the total atoms n and the excited atoms k in the initial state of multiparty system. We
find that, with more excited atoms in the same initial probe state, the precision for estimating the
effective coupling parameter is higher. Different from the estimation of Unruh temperature, the
estimation of the coupling parameter ν would gain more accuracy with the Z-type state (if k 6= 1)
instead of the W -type state. But similar with the estimation of Unruh temperature, if the number
of total atoms n is smaller, the quantum Fisher information for estimating the coupling parameter
9
FIG. 3: The quantum Fisher information for estimating the effective coupling parameter ν versus the total
atoms n and the excited atoms k in the initial state of multiparty system. The energy gap Ω, the acceleration
a and the effective coupling parameter ν are fixed as Ω = 0.2, a = 0.3 and ν = 0.1, respectively.
would decrease, which means that a smaller multiparty system doesn’t support the estimation of
the parameter ν in the many-body Unruh-DeWitt detector model.
In fact, the quantum Fisher information is a measure of macroscopic coherence because it can
be demonstrated as the coherence of many copies of a state [28]. The macroscopic coherence can
be quantified by a superposition of states differing from one another in A-value by a fixed amount
δ. For the observable A, the quantum Fisher information can be expressed as [28]
FQ(ρ, A) = 2
∑
a,b
(λa − λb)2
λa + λb
|〈ψa|A|ψb〉|2, (21)
where ρ =
∑
a λa|ψa〉〈ψa| is a spectral decomposition and the sum is over all a, b. For pure states,
FQ(|ψ〉〈ψ|, A) = 4V (|ψ〉, A), where V (|ψ〉, A) = |〈ψa|A2|ψb〉| − |〈ψa|A|ψb〉|2. For mixed states,
assuming |ψ〉 is a reference state with V (|ψ〉, A) = A0, the macroscopic coherence for n copies
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can be defined via the observable
∑n
i=1Ai. In the limit of large n, |ψ〉⊗n and |ψ〉⊗m have the
same macroscopic coherence for all δ, then we have m/n = V (|ψ〉, A)/A0 [28]. The minimal
average ratio m/n over all pure state decompositions ρ =
∑
µ pµ|ψµ〉〈ψµ| is FQ(ρ, A)/(4A0)
[28]. This means that the macroscopic coherence depends only on this distribution. If one take
the reference state as a product of single-qubit states
⊗N
i=1 |φi〉 with V (|φi〉, Ai) = 1, the average
ratio of copies is exactly FQ(ρ, A)/(4N), where FQ(ρ, A) is the quantum Fisher information
for the ‘macroscopic observable’ A and N is the number of qubits. That is to say, the quantum
Fisher information can be employed to measure the maximum macroscopic coherence over all
observables in A [28]. Therefore, the results of quantum Fisher information can in principle
be used to understandin the behavior of macroscopic coherence embedded in the many detector
system, which demands later study.
IV. CONCLUSIONS
In conclusion, we study the quantum Fisher information, a key concept in quantum metrology,
in the estimation of Unruh temperature T and the effective coupling parameter ν via an entan-
gled many-body system. We find that the precision for the estimation of Unruh temperature in
the multiparty entangled probe scheme performs better than the precision in two-party entangled
probe systems. In addition, the precision of estimating Unruh effect would increase when the
excited atoms become less in the probe state. It is shown that the proper acceleration for Bob’s
detector and the interaction between the accelerated detector and the external field have significant
influences on the precision for the Unruh effect’s estimation. To be specific, there are a range of
proper accelerations that provide us witb a better precision in the estimation of the Unruh tem-
perature. However, one should choose the largest effective coupling strength to achieve this goal.
Alternatively, we can get a higher precision, i.e., a larger quantum Fisher information for a shorter
interaction time and bigger the energy gaps. It is also found that, different from the estimation of
Unruh temperature, it requires the Z-type initial state with more excited atoms for the estimation
of the effective coupling parameter.
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